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1 Intr oduction

Most neutrinoscatteringexperimentsjncluding neutrinooscillationexperiments,
requiremassve nucleartarget/detectorso obtainusefulreactionrates. Analysis
of neutrinoreactionswith nuclearmediarequiresunderstandinghe nuclearen-
vironments effect on the procesq1]. Therearetwo generalcategyoriesof such
nucleareffects:

e The neutrinointeractionprobability on nucleiis modified relative to free
nucleons.Nucleareffectsof this type have beenextensiely studiedusing
muonandelectronbeamsput have not beenexploredwith neutrinos.De-
pendingonthekinematicregion, thesenucleareffectscanbequitedifferent
for neutrinos.This is particularlytrue for the shadeving phenomenoii2].
In the shadeving region, for a given ) the cross-sectiosuppressiomue
to shadaeving occursfor muchlower enegy transfer(v) in neutrinointerac-
tionsthanfor chagedleptons.Thisis veryrelevantfor theneutrinoenegies
of oscillationexperiments.

e Hadronsproducedin a nucleartarget may undego final-stateinteractions
(FSI), including re-scatteringand absorption. Theseeffects may signifi-
cantly alterthe obsened final-stateconfigurationand measurecdneny [3,
4], andaresizableat neutrinoenegiestypical of currentandplannedneu-
trino oscillationexperimentg5].

The hadronshaver obsered in neutrinoexperimentsis actually the convo-

lution of thesetwo effects. FSI effectsare dependenbn the specificfinal states
that, evenfor free protons,differ for neutrinoandchaged-leptorreactions.The
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suppressiolr enhancementf the productionof particularfinal statesy nuclear
effectsalsodiffer for neutrinoand chagedleptonreactions. For thesereasons,
measuremenf nucleareffectswith chagedleptonscannotbe simply appliedto
neutrino-nucleugteractions.

To studythesequestionsn MINERvA, carbon,iron andleadtargetswill be
installedupstreanof the purescintillator active detector To measurehe overall
effectof thenucleustheobsenedinteractionrate,hadronenegy andmultiplicity
will bemeasuredor all threetamets.

2 Modified Interaction Probabilities dueto Nuclear
Effects

As mentionedpronounceducleareffectshave beenobsenedin charged-lepton
scatteringpff anumberof nucleartamgets. The experimentakituationis discussed
in review paperg6, 7].

The mechanism®f nuclearscatteringhave also beenstudiedtheoretically
Thesemechanismappeato bedifferentfor smallandlarge Bjorkenx asviewed
from thelaboratorysystem Bjorkenz is definedasz = Q?/2Mv, wherev andq
areenegy andmomentuntransferto thetamgetand@? = ¢*> — v?. Thephysical
quantitywhichis responsibléor the separatiobetweerlargeandsmallx regions
is a characteristicscatteringtime, which is alsoknown asloffe time (or length)
1 = v/Q? [8]. If 77 is smallerthanthe averagedistancebetweerboundnucleons
in a nucleusthenthe processcan be viewed as incoherentscatteringoff bound
nucleons.This happenstlargerz(> 0.2).

At smallBjorken x the space-timepictureis different. The underlyingphys-
ical mechanismn the laboratoryreferencdrame canbe sketchedasa two-stage
process At thefirst stagethe virtual photony* (or W* or Z* in caseof neutrino
interactions)luctuatesinto a quark-antiquarkor hadronic)state. This hadronic
statetheninteractswith the target. The uncertaintyprinciple allows an estimate
of theaveragdifetime of suchhadronicfluctuationas

T=2w/(m" +Q%), 1)

wherem is theinvariantmassof thehadronsnto whichthevirtual bosoncorverts.
Thesamescaler alsodeterminesharacteristi¢ongitudinaldistancesnvolvedin

theprocessAt smallz, 7 exceedghe averagedistancebetweerboundnucleons.
For this reasoncoherentmultiple interactionsof this hadronicfluctuationin a

nucleusareimportantin this kinematicalregion. It is well known thatthe nuclear
shadaving effectfor structurgfunctionsis aresultof coherennuclearinteractions
of hadronicfluctuationsof virtual intermediatebosons(for a recentreview of

nuclearshadaving seee.g.,[7]).



2.1 Nuclear effectsin the incoherentregimeat largex

If z is largeenoughto neglectcoherennuclearshadaving effect, theleptonscat-
tering off a nucleuscanbe well approximatedasincoherenscatteringoff bound
protonsandneutrons.The mostpronounceducleareffectsin thisregion aredue
to Fermi-motion nuclearbinding[9, 10, 11,12, 13, 14, 15], andoff-shell modifi-
cationof nucleonstructurefunctions[14, 15, 16, 17, 20].

A widely usedapproximationn thedescriptionof nuclearstructurefunctions
is to neglectthefinal stateinteractionof producechadronicstateswith therecoll-
ing nucleus.In this approximatiorthe nuclearstructurefunctionscanbe written
asthe boundnucleonstructurefunction averaged(corvoluted) with the nuclear
spectralfunction (for derivationandmoredetailssee[11, 14, 20]). Sincebound
nucleonsare off-mass-shellparticlestheir quark distributions generallydepend
on nucleonvirtuality £ asan additionalvariable. Off-shell effectsin structure
functionscanbeviewedasaway to describen-mediummodificationof structure
functions. This effect wasdiscussedn termsof differentapproachem theliter-
ature[13, 17, 14,16, 19, 20]. Similar effectsalsohold for the structurefunctions
zF, andz F;.
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Figurel: Theratioof iron to deuteriumstructurefunctionsasmeasuredy SLAC

E-139andCERNBCDMS collaborationsn experimentswith electronandmuon
beamgleft panel).Also shovn aretheresultsof modelcalculationat fixed Q? =

10 GeV? which accounffor binding, Fermi-motionandoff-shell effectsin nuclear
DIS [20]. The ratio of lead and carbonstructurefunctions calculatedat fixed
Q? = 10 GeV? within the sameapproactis presentedn theright panel.

Predictionsof the cornvolution approachare comparedto dataon chaged-
leptonDISin Fig. 1. Model calculation®f nuclearstructuregfunctionsuserealistic
nuclearspectrafunctions.Dataseemto indicatethat someoff-shell modification
of boundnucleonstructurefunctionis necessary20]. Theright panelof Fig. 1
displaystheratio of leadandcarbonstructurefunctionscalculatedvithin thesame
approachOneobsenesthatnucleareffectsat large xz arepracticallysaturatedn



carbon. Similar nucleareffectsare predictedfor neutrinostructurefunctionsF,
andz F3. TheMINERvA experimentwill providevaluableinformationonnuclear
effectsin thisregion.

2.2 Nuclear effectsat small z

Nuclearshadaving effectshave beenextensvely discussedh theliterature.A re-
centpaper{7] providesareview of bothexperimentaldataandtheoreticamodels
of nuclearshadaving for chaged-leptorscattering.This effectis interpretecasa
resultof thecohereninteractionof the hadroniccomponenbf thevirtual photons
with a target nucleus. The structurefunctionsat small z canbe presentedasa
superpositiorof contributionsfrom differenthadronicstates.

In fixed-tagetexperimentsheeventswith smallBjorkenz arecorrelatedvith
low invariantmomentuntransfersquaredl?. At low Q? thevectormesondom-
inancemodel (VMD) appeardo be a goodtool to study nuclearcorrectionsin
structurefunctions[7, 21]. In VMD the structurefunctionsaresaturatedy con-
tributionsfrom a few low-massvectormesonstates.For the interactionsdriven
by the electromagneticurrentusually only the isovector p andthe isoscalarw
and¢ mesonsareimportantatlow Q2 < 1 GeV? [21]. Thestructurefunctionsin
this modelhave strongR? dependenceln the generalizedrersionsof VMD, the
highermassstatesincluding continuumhave alsobeenconsideredhat makesit
possibleto applythe modelathigher@? [7, 21].

The VMD approachhasalso beenappliedto weak interactions[22]. The
vectorcurrent,in closeanalogywith theelectromagneticurrent,is assumedo be
saturatedby the p mesorcontritutionatlow Q2. Theaxial-vectorchannetequires
theconsideratiomf contributionsfrom theaxial-vectormesonz,. However, there
is a numberof interestingphysicsquestiongrelatedto the analysisof the axial-
vectorchannebf neutrinointeractions.

It shouldbe emphasizedhat neutrinoscatteringat low Q? is dominatedby
contributionsdueto theaxial current.Indeedjt is well known thatcontributionsto
the structurefunctions(crosssections)rom the vectorcurrentvanishasQ? — 0
becauseof vector currentconseration. The axial currentis not consered and
for this reasonthe longitudinalstructurefunction F;, doesnot vanishat low Q2.
It wasobsenredlong agoby Adler thatthe neutrinocrosssectionsat low % are
dominatedoy the contribution from the divergenceof the axial current[23]. The
latter, becaus®f PCAC, is saturatedy the pion contribution. For this reasoriow
Q? neutrinocrosssectionsand structurefunctionsare determinecby pion cross
sections For thelongitudinalstructurefunctionat low Q? the Adler relationis

2
2 FEeAC = Ixp (5 o) 2)
Vs

wheref, = 0.93m, isthepiondecayconstan{m, isthepionmassyando, (s, Q?)
thetotal pion crosssectionatthecenterof-massenegy s = Q?(1/xz—1) + M? for
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anoff-shell pionwith themasssquared)?. Equation(2) determineshedominant
contritution to F, andneutrinoproductioncrosssectionat small Q? for nucleon
andnucleartargets.

It is importantto realizethat Eg. (2) is not a consequencef the pion dom-
inanceof the axial current,i.e. fluctuationof the axial currentto a pion which
interactswith thetarget[26]. Indeed,the single-pionfluctuationof the axial cur-
rentgivesavanishingcontributionto the neutrinocrosssection.Insteadthe axial
currentin neutrinointeractionanproduceheavy statesuchasthea; mesorand
pm pair, which contribute to theinteractionwith thetarget. The overall contribu-
tion of all suchstateds describedy the PCAC relation. Thedetailedmechanism
of this phenomenons not yet fully understoodandthe MINERvA experiment
canprovide new insightson physicsdrivenby the axial currentin neutrinointer-
actions.

The strengthof the nuclearshadeving effect is controlledby mesoniccross
sectionss, in the caseof the vectorcurrent. In the axial-vectorchannelthe rel-
evantquantityis the pion crosssection.In orderto quantitatvely understanchu-
cleareffects,the multiple scatteringeffect onthe crosssectionis calculatedusing
GlauberGribov multiple scatteringheory[24, 25, 21]. For a heary nucleusthe
multiple scatteringseriescanbewrittenin aclosedform (seee.g.[21, 26])

oA =0N+ 004, €))
o2 ?2 ) oON

S04 = —Re /d2bdzld22 p(b, z1)p(b, 22) exp [/dz' (— — —p(b, z'))} :
2 21<22 21 LC 2

4)

whereoy ando 4 arethetotal crosssectionsof the hadronicstatein questionoff
the nucleonandthe nucleus respectiely, andéo 4 denoteghe nuclearmultiple
scatteringcorrection.In Eq. (4) p is thenucleondensitydistributionnormalizedo
the numberof nucleonsandtheintegrationis performedalongthe collision axis,
which is chosento be z-axis, and over the trans\ersepositionsof nucleons(im-
pactparameteb). L. is the correlationlengthof the virtual hadronicstate. The
exponentialfactorin Eq. (4) accountdor multiple scatteringeffects. The rate of
multiple scatteringnteractionss controlledby the meanfree pathof thehadronic
fluctuationin anucleus; = (po)~"'. If I; is smallenoughcomparedvith the nu-
clearradius,whichis thecasefor heavy nuclei,thenmultiple scatteringeffectsare
important.It shouldbe emphasizedhatthe multiple scatteringcorrectionis neg-
ative becausef the destructve interferenceof the forward scatteringamplitudes
ontheupstreamucleonghatcauseshadowing of thevirtual hadroninteractions
ontheback-facenucleons.

If thecorrelationlengthis smallcomparedo theaveragenuclearadius,L,. <
R, thentheoscillatingfactorin Eqg. (4) suppressesiultiple scatteringcorrections.
The onsetpoint of coherentnucleareffects can be estimatedoy comparingthe
coherencdength of hadronicfluctuation L. with the averagedistancebetween
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boundnucleonsn thenucleusd. For hadronicfluctuationof thevectorcurrentL,

is similar to thefluctuationtime 7 from Eq. (1), wherem is the massof hadronic
statein question. The coherentnucleareffectstake placeif the fluctuationtime

is large enoughr > d. This conditionrequireshigh enegy transferv and, as
is clearfrom Eg. (1), the coherentregion comesearlierwith enegy for smaller
massesn. However, it shouldbe notedthat, sincefor ary massof intermediate
stater < 2v/Q?, theregion of coherentucleareffectsis limited to small z for

ary @, r < 1/Md. Nuclearshadeving saturatesf L. >> R, which happens
atsmallz, andthe condition L, ~ R definesthe transitionregion with strongzx

dependencef theratio do 4 /oy .
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Figure2: Theratio of iron to nucleon(upperrow) andleadto carbonneutrinoCC
structurefunctionsFy calculatedattwo different@? within anapproactbasecbn
PCAC andVMD (solid line). The dashedine shaws similar ratiosfor the muon
structurefunction F'.

For the axial-vectorcurrentneutrinointeractionghefluctuationtime 7 is also
givenby Eg. (1). However, aswasarguedin [26], the fluctuationandcoherence
lengthsarenot the samein this case.In particular the coherencéengthis deter
minedby the pion massm,, in Eg. (1) becausef the dominanceof off-diagonal
transitionslike a; N — N in nuclearinteractions.Sincethe pion massis much
smallerthantypical masse®f intermediatehadronicstatedor the vectorcurrent
(m,, my, etc.),thecoherencdengthL,. of intermediatestatesof the axial current
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Figure3: Predictedsheadaving effectsat Q? = 0.25Ge\? asaf(imction of enegy
transfer(v), for neutrinogsolid line) andmuons(dottedline). Theplot ontheleft
is for iron comparedo deuteriumwhile theright plot is leadcomparedo carbon.

atlow Q2 will bemuchlargerthanL, of thevectorcurrent.A directconsequence
of thisobsenationis earlyonsetf nuclearshadeving effectin neutrinoscattering
atlow enegy and@? comparedvith theshadwving in chaged-leptorscattering.
Figure2 shows theresultsof calculationsof theratiosof iron to nucleonand
leadto carbonstructurefunctionscalculatedattwo different)? asafunctionof z.
We alsocomparethe nuclearshadaeving effect for muonandneutrinoscattering.
Themuonstructurefunctionwascalculatedusingthe VMD modelof theelectro-
magneticcurrent. Nuclearcorrectionso mesoniccrosssectionswere calculated
usingEqg. (4) with thecoherencdengthgivenby Eqg. (1). Thevectorcurrentcon-
tributionto neutrinostructurefunctionswasalsoevaluatedusingthe VMD model
similar to the electromagneticurrentcase,while the axial-currentcontribution
wastreatedusingthe PCAC relation(2). Nuclearcorrectiongo the virtual pion
crosssectionin (2) wasevaluatedby Eq. (4) assuminghatthe coherencdength
L. is determinedy thepion mass.Oneobseresfrom thesefiguresthatthe shad-
owing effectfor neutrinointeractionssetsin earlier(atlargerz) andits z-shapés
differentin the transitionregion of = betweern0.1and0.01. The basicreasorfor
the earlieronsetof nuclearshadaving in neutrinoscatteringanddifferentbeha-
ior in thetransitionregion is the differencein the correlationlengthsof hadronic
fluctuationsof the vector and axial-vector currents. This is also illustrated by
observingthatfor a given(@Q? the cross-sectiosuppressionlueto shadeving oc-
cursfor muchlower enegy transfer(v) in neutrinointeractionghanfor chaged
leptons. Figure 3 shaws the predicteddifferencebetweenneutrinoand chaged
leptonshadaeving asa function of the enegy transfer(v). Ontheleft is theratio
of iron to deuteriumwhile ontheright is shovn theratio of leadto carbon.
Therelative nuclearshadaeving effectfor thestructurgfunction F3 is predicted
to be substantiallydifferent from that for F, [27]. This is becausethe struc-
turefunction F; describeshe correlationbetweerthe vectorandthe axial-vector
currentin neutrinoscattering. In termsof helicity crosssections,the structure
function F3 is givenby the crosssectionasymmetrybetweerthe left- andright-
polarizedstatesof thevirtual W boson.It is known thatsuchadifferenceof cross



sectiongs stronglyaffectedby Glaubermultiple scatteringcorrectionsn nuclei.
This causesnenhancedhuclearshadaeving effect for the structurefunction Fs.
The resultsfor the ratio of lead and carbonstructurefunctionsare shavn in
Fig. 4. Unlike nucleareffectsat large Bjorken z, which areshavn in Fig. 1, one
obsenressubstantialstructurefunctiondependentyucleareffectsat smallz. The
MINERvA experimentcanprovide a uniquetool to studytheseeffects.
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Figure4: Theratio of leadandcarbonneutrinoCC structurefunctionsF; calcu-
latedin an approachbasedon PCAC andVMD at two different@? (solid line).
Similar ratio for the structurefunctionz F3 is shovn by thedashedturve.

2.3 Nuclear effectsand determination of sin? 6y

Therateof neutral-currentanti)neutrinoscatterings directly determinedby the
valueof sin? fy,. Thereforethe measurementf NC/CC ratiosof neutrinocross
sectiongrovidesavaluabletool for thedeterminatiorof sin? #y,,. For anisoscalar
target (e.g. theisoscalarcombinationof protonandneutron,or for deuterium)a
relationbetweemeutrino—antineutrinasymmetriesn the NC andCC DIS cross
sectionsvasderivedby PaschosandWolfenstein[28]

R~ =Nc T 9NC L sin? Oy, (5)

0¢c —0cc 2

wherefy, is the Weinbeg mixing angle. A similar relation also holds for the
NC/CCratio of the structurefunctions

F3(z, Q%) /F5C (2, Q%) = 1 — 2sin* By, (6)
where F’° is the neutrinoand antineutrinoaveragedstructurefunction, F'¢ =

It shouldbestressedhatif only thecontributionsdueto light quarksaretaken
into accountthenthe PW relationships adirectresultof isospinsymmetry This
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ensureshatvariousstronginteractioreffects,includingnucleareffects,cancelbut
in R~ for anisoscalatargetthusmakingEq. (5) agoodtool for themeasurement
of themixing anglein neutrinoscattering.

Thetargetsusedin neutrinoexperimentsareusuallyheary nuclei,suchasiron
in theNuTeV experiment29]. Heary nucleitypically have anexcessof neutrons
over protonsand, therefore,are not isoscalartargets. For a non-isoscalatarget
therelations(5) and(6) areviolatedby contributionsdueto isovectorcomponents
of nuclearpartondistribution functions. Nuclearcorrectiongo relations(5) and
(6) wererecentlystudiedin [30, 31, 32]. It wasshown that nucleareffectsenter
throughnon-isoscalaeffectsin the target. Thesestudiessuggestghat nuclear
correctionscanbe greatly reducedwhenusingisoscalartargetssuchas carbon.
MINERvA, with its lead,iron, and carbontargets,will be ableto directly mea-
surethe ratio NC/CC for variousnucleartargetsto explore thesenucleareffects
experimentally

3 Final-State Interactions (FSI) in Neutrino Inter -
actions

Interactionsof few GeV neutrinosin nucleieasilyproduceresonancewhich de-
cayto pions.Any attemptto reconstructheincidentneutrinoenegy basednthe
total obsened enegy musttake into accountthe interactionsof the pionswithin
the interactionnucleus. CurrentneutrinointeractionMonte Carlos(suchas|IN-
TRANUKE [33]) handleintra-nuclearpion interactionscrudelyandhave gener
ally notyetincorporatedhe latestknowledgeof pioninteractions.

The concernis mainly with pionsin the enegy rangeof 100 to 500 MeV,
wheretheinteractioncrosssectionsarethe highest.In thisrangethe pion-nucleon
crosssectionis dominatedby the very strong A(1232) resonance.The A is a
fairly broad(about100 MeV) resonanceandthe pion-nucleoncrosssectionre-
flectsthis, with apeaknear200MeV pion enegy which dropsquickly above and
below this. The pion nucleuscrosssectionexhibits a similar behaior, with aless
pronouncedirop-of athigherenegy. Thechagedpionnucleuscrosssectionhas
four importantcomponentsn the intermediateenegy range: elasticscattering
(nucleusleft in the groundstate),inelasticscattering(nucleusleft in an excited
stateor nucleonknocked out), true absorption(no pion in the final state),and
singlechage exchangg(neutralpionin thefinal state).

Neutrino detectorsare mainly iron (absorber),oxygen (water) and carbon
(scintillator). The total pion-carboncrosssectionis 600 mb, with elasticand
inelasticcrosssectionsabout200 mb each,and absorptionabout160 mb. The
total pion-iron crosssectionis about1700mb, with elasticandabsorptiorabout
600 mb each,andinelasticabout400 mb. Crosssectionsfor positive andnega-
tive pionsare nearlythe samebecauseauclei containaboutthe samenumberof
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Figure5: The absorptioncross-sectionfor variousnuclei asa function of pion
enegy.

protonsandneutrons.Thesevery large crosssectionaneanthatessentiallynary
pionswill undego somenuclearreactionwithin theinteractionnucleus.In elastic
andmostinelasticreactionghe scatteregion will not, becausef its light mass,
losemuchenegy. However, absorbegbionswill loseall of theirkineticandmass
enepgy. Of the four componentf this intra-nuclearcross-sectionthe absorp-
tion probability within the interactionnucleuss order30%. Figure5 [34] showvs
absorptiorcrosssectiondor variousnucleiasa functionof pion enepy.
Pionabsorptioncannotoccuron a singlenucleondueto enegy andmomen-
tum conseration. The simplestabsorptionmechanisnis on two nucleons.Be-
causebsorptiorappearso proceednainlythroughthe N — A intermediatestates,
anisospinzero(np) pair is the primary candidate Suchan absorptiorfor a pos-
itive pion would give two enegetic protonswhosekinetic enegy nearlyequaled
the total pion enegy. However, early studiesof pion absorptionfound thatwas
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notthe mostprobablemechanism.

In the 1990% two large solid angledetectorsthe LAMPF BGO Ball andthe
PSILADS detectoywerebuilt to studypion absorption Both detectorsadlarge
solid angles(both morethan90% of the full solid angle)andlow protonthresh-
olds (about20 MeV for each). The LADS detectoralsohadreasonabl@eutron
detectionefficiency and enegy measurement.The someavhat surprisingresult
from both detectorswasthat pion absorptionwas dominatedby threebody ab-
sorption[35]. For positive pions, the absorptionon a pnn triplet (leadingto a
ppn final state)wasthe mostcommon. This wasobseredevenin *He. The ab-
sorptionin heavier nuclei also appeardo proceedmainly througha three-body
mechanismalthoughincreasednitial stateinteractions(pion re-scatteringand
final stateinteractions(nucleonre-scatteringyesultin four to five nucleonsbe-
ing emitted. Typically the final statecontainsmore neutronsthanprotons. The
absorptionprocesswhich is still not well understoodheoretically largely fills
theavailablephasespacethusgiving a wide rangeof nucleonenepieswith little
angulardependence.

Becausenuchof theenegy is in neutronsthe obsenedenegy is well below
thetotal pion enegy. Figure6 andFigure7 [36] shav missingenepy (total pion
enegy minus the total proton kinetic enegy) for absorptionof 250-500MeV
positive pionson *2C and®*Ni. As canbeseengvenin carbonmorethanhalf the
enepy is lostto unobseredparticlesafractionwhichincreasesvith pionenepgy
andwith A.

The situationis of courseworsefor negative pions. Chage symmetrywould
indicatethat the primary absorptionshouldbe on a ppn triplet leadingto a pnn
final state.In this case mostof the pion enegy would bein neutronsandhence
not directly obsened. However, if the interactionvertex and one protonenegy
is known, andthe anglesof the outgoingneutronsareknown, the total enegy of
thethreenucleonsanbe estimatedMonte Carlostudieswith realisticabsorption
modelswill be neededo determingheaccuracie®f suchestimates.

Although neutralpions escapinghe nucleuswill decay usuallyto two pho-
tons,the meandistanceraveledbeforedecayis a few nanometersmuchgreater
thanthesizeof thenucleus.Thustheabsorptiorof neutralpionsin theinteraction
nucleusmustalsobetakeninto accountn ary studyof resonanc@roduction.

For MINERvA, studieswith INTRANUKE have begunto determinghe sen-
sitivity to the probability of pion absorptionin the interactionnucleus. Monte
Carloroutinesarebeingmodifiedto treatpion absorptiormorerealistically Note
alsothatthereareessentiallynomeasurementsf pionabsorptiorabos/e 500MeV.
Thefine spatialresolutionandfull solid angledetectioncapabilityof MINERvA
will allow a studyof theseinteractionsgspeciallyin carbon.
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Figure8: Probabilityfor the outgoingprotonto escapehe nucleusasa function

of Q2.

3.1 Nuclear Transparencyin Neutrino Interactions

A secondnuclearinteractionprocesswhich affects the obsened final stateen-
ergy is thefinal stateinteractionof a nucleonin the strucknucleus.An outgoing
nucleonhasa substantiaprobability of interactingin the nucleus. Theseprob-
abilities have beenmeasuredmostrecentlyat JLab, with someprecision. The
experimentaused(e, e'p) coincidenceaeactions.Thecrosssectionfor finding the
scatterecelectronin the quasi-elastipeakwascomparedo the crosssectionfor
finding the coincidentproton. A summaryof theresultsareshavnin Fig. 8.

In contrastto pion absorption,thereis little available information on what
happendo the scattereducleon.Of course mosteitherscatterfrom a singlenu-
cleonquasi-elasticallyr produceapion (for protonsabose 600MeV). Improving
Monte Carloroutinesto modelthis interactionshouldallow usto betterestimate
thetotal final stateenegy. As with pion absorptionthe goodresolution,neutron
detectioncapability andfull solid anglecoverageof MINERvA shouldallow ex-
perimentaldeterminatiorof the actualfinal statesand help constrainthe Monte
Carloroutines.

4 Measuring Nuclear Effects with the MINER vA
Detector

To studynucleareffectsin MINERvA, carbon,iron andleadtargetswill bein-
stalledupstreamof the pure scintillator active detector The currently preferred
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configurationinvolves a total of 9 planes,with eachplanedivided trans\ersely
into C, Fe andPb wedges.As one proceeddrom upstreamo downstreamthe
C, Fe and Pb tamgetsexchange(rotate) positions. A scintillator moduleof four
views (X,Uu,X,V) separategachof the planes. The total massis over 1 ton of Fe
andPbandsomevhatover0.5ton of C. Sincethe purescintillatoractive detector
essentiallyactsasan additional3-5 ton carbontarget (CH), the puregraphite(C)
targetis mainly to checkfor consisteng. For thestandardour-yearrundescribed
in theproposal MINER~A would collectover 740K eventson FeandPb,430K
eventson C aswell as2.3M eventson the scintillatorwithin thefiducial volume.
MINERvA’sgoalsin measurinqiucleareffectscanbesummarizeésfollows:

e measurdinal-statemultiplicities, and henceabsorptionprobabilities,asa
functionof A with initial v;

e measurdhe visible hadronenengy distribution asa function of target nu-
cleusto determingherelative enegy loss;

e investigateif the correctionfactorsfor obsened multiplicity and hadron
enegy areafunctionof themuonkinematicdor amoredirectedapplication
of nucleareffect corrections;

e measurer(z, Q?) for eachnucleartamgetto comparez-dependenhuclear
effectsmeasureavith both» andchagedleptonbeams;

e measurehenucleareffectson F;(z,Q?) andz F3(z,Q?) to determinavhether
seaandvalencequarksareaffecteddifferently by the nuclearervironment.

4.1 ProposedExperimental Analysis- modifiedinteraction prob-
abilities

To measurehis nucleareffect, the cross-sectiomndresultingstructurefunctions
Fy(z,Q% and zF3(x,Q?) will be measuredor the threetarget nuclei of C, Fe
andPh For the standardd-yearrun we expectaround740 K eventsper tamget
distributedin = dependingnthe W-regionin question.For anA-dependentom-
parisonin the DIS region (W > 2 GeV and@? > 1 GeV?) we would have 330K
eventspertargetwith 66 K eventspertargetin the shadaving region (z < 0.1)
and20K eventspertargetin the high z region (z > 0.5).

To studythe axial-vectornuclearshadeving effectsexpectedat low @Q? (non-
DIS events)andlow » we will have 133K eventspertargetwith Q? < 1.0Ge\?
andz < 0.1. For example,the expecteddistribution of eventswith Q? < 0.4
GeV? andv > 6 GeV (the region of maximal predicteddifferencewith respect
to chagedleptonshadaeving) is shovn in Fig. 9. With theseexpectedstatistics,
MINERv»A shouldbe ableto measurghe expecteddifferencein leadto carbon
shadaeving for chagedleptonscomparedo v’sto justunder3 standardieviations
statistically
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Figure9: The expectedevent samplepertarget with Q? < 0.4GeV? andv > 6
GeV.

4.2 ProposedExperimental Analysis - final state interactions
in neutrino production

TheNEUGENMonteCarlohasbeenusedo studythesensitvity of theMINERVA
experimentto nucleareffects. The nucleareffectsin the NEUGEN Monte Carlo
are controlled by the INTRANUKE processar This processolincorporatesa
probabilityfor pionabsorptiorbasedn earlierelectroproductiombsorptiorstud-
ies andlower-statisticsNe/H, neutrinobubble chamberata. The obsened phe-
nomenaf hadronformationlength,whichincreaseshetransparencandreduces
final stateinteractionsjs incorporatedaswell. Theparticularmodelusedfor pion
absorptionwhich is currentlybeingimproved andupdatedassumeshatthe ab-
sorptionproces®liminatesapion andtheresultingnucleonsarethemseleseither
absorbedn thenucleusor aretoo low in enegy to be obsenedin thedetector

To determinghe sensitvity of MINER~A measurement® the predictionsof
thismodel,theassumegbrobabilityfor pionabsorptiorin INTRANUKE hasbeen
increaseduy threestandarddeviations and then decreasedby the sameamount
that, essentiallyturns off pion absorption. The multiplicity anda simple,crude
estimateof the visible hadronenegy have beenexaminedundertheseextreme
conditions. Note that other nucleareffects suchas intra-nuclearscatteringand
hadronformationlengthhave not beenchangedrom their nominalvalues. Fig-
urel0shavsboththetruthandreconstructednultiplicity distributionsfor carbon.
As canbe seentheavailablecrudetracker fails to reconstructmary of thetracks.
We expectthis problemto be significantlyresohedwhenfull patternrecognition
anda moresophisticatedracker becomeavailable. For the currentstudy we will
usethetruth valueof multiplicity.

In the next seriesof figuresthe predictedasymmetryin the true multiplicity
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Figure 10: The shift in the truth andreconstructednultiplicity distributionsbe-
tweenthetwo valuesassumedor pionabsorptioron carbondescribedn thetext.

andvisible hadronenepgy areshovn. Theasymmetryis definedasthe percentage
changeundertheseextremeassumptionsThatis, the bin contentsat plusthree
standarddeviationsminusthe bin contentsat minusthreestandardlivided by bin
contentatminusthreestandardleviations.Figurel1l shovstheasymmetryn the
truemultiplicity for carbonwhile Fig. 12 andFig. 13 shavsthe samedistribution
for iron andleadrespectiely. One seesa ratherdramaticeffect for carbonas
the high absorptionvalue hasincreasedhe numberof O-track eventsby over a
factorof 6 comparedo the no-absorptiorcase. This is dueto the fact that the
other nucleareffects, not being changedare minimal for carbon. Sinceintra-
nuclearrescatteringncreasess A'/? andthe reductionof nucleareffectsdueto
hadronformationlengthdecreaseas A'/?, the non-absorptiomucleareffectsare
minimal for carbonandalreadysizablefor iron andleadIf this modelis realistic,
the carbonmultiplicity distribution shouldbe quite sensitve to the probability of
absorption.

Thefinal determinatiorof the visible hadronenegy will be aninvolved pro-
cesdor this experiment.For now, we areusingthe mostprimitive estimateof this
guantity namelyanuncorrectedrersionderivedfrom thetotal light outputof the
hadronshawer. In thedataanalysighiswill berefinedfor example throughmea-
surement®f stopping/decayingarticles. With this crude estimate the change
in hadronenegy for iron is shovn in Fig. 14 andfor leadin Fig. 15. Thereis
a significantincreasein the numberof eventswith Fy lessthan3 GeV anda
correspondinglecreasén the numberof eventswith higher £ asonewould ex-
pect. MINERvA will collectseveraltimesthesestatisticsandshouldbe capable
of measuringhis effect atevenhigherhadroneneny.

Sincetheincomingneutrinoenegy is nota priori known, themeasureanuon
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Figurel2: Thefractionalchangen true multiplicity distributionsbetweerthetwo
valuesassumedor pion absorptioroniron discussedn thetext.
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Figure 14: The fractionalchangein the visible hadronenegy distributions be-
tweenthetwo valuesof pion absorptioroniron discussedn thetext.
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Figure 15: The fractionalchangein the visible hadronenegy distributions be-
tweenthetwo extremesn pion absorptioron leaddiscussedhn thetext.

kinematicswill betestedasabasisto comparecharacteristicsf thevisible hadron
shaveracrossiucleartargetsandto determinevhetheranucleareffectscorrection-
factorasa function of the obserned muonkinematicscambeedetermined.The
muonis relatvely free from nucleardependeneffectsandseneswell asan A-
independenhormalization.For example,the quantity:

Q' = E,sin*(0/2) (7)

is representatie of the 4-momentumtransferto the nucleonor quark (divided
by F,) andreflectsthe enegy-momentuntransferredo the hadronicvertex. The
distribution of eventsin this quantityis pealedtowardlow @’. with halftheevents
belov Q' =1.0GeV.
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